toma multiforme (GBM) is the most common and aggressive of the primary brain tumors. These tumors express multiple members of the epithelial sodium channel (ENaC)/degenerin (Deg) family and are associated with a basally active amiloride-sensitive cation current. We hypothesize that this glioma current is mediated by a hybrid channel composed of a mixture of ENaC and acid-sensing ion channel (ASIC) subunits. To test the hypothesis that ASIC1 interacts with ␣ENaC and ␥ENaC at the cellular level, we have used total internal reflection fluorescence microscopy (TIRFM) in live rat astrocytes transiently cotransfected with cDNAs for ASIC1-DsRed plus ␣ENaC-yellow fluorescent protein (YFP) or ASIC1-DsRed plus ␥ENaC-YFP. TIRFM images show colocalization of ASIC1 with both ␣ENaC and ␥ENaC. Furthermore, using TIRFM in stably transfected D54-MG cells, we also found that ASIC1 and ␣ENaC both localize to a submembrane region following exposure to pH 6.0, similar to the acidic conditions found in the core of a glioblastoma lesion. Using high-resolution clear native gel electrophoresis, we found that ASIC1 forms a complex with ENaC subunits which migrates at Ϸ480 kDa in D54-MG glioma cells. These data suggest that different ENaC/Deg subunits interact and could combine to form a hybrid channel that likely underlies the amiloride-sensitive current seen in human glioma cells.
GLIOMAS, the most common subtype of primary brain tumors, are aggressive, highly invasive, and neurologically destructive tumors considered among the deadliest of human cancers. More than 80% of these tumors are considered high-grade (grades III and IV) when diagnosed according to the current World Health Organization (WHO) classification, based on morphological evidence of differentiation along astrocytic, oligodendroglial, or mixed lineages. Glioblastoma multiforme (GBM) is the most aggressive of the gliomas, a collection of tumors arising from glia or their precursors within the central nervous system (21) . The survival time of patients with glioblastoma ranges from 9 to 12 mo from the time of diagnosis, despite maximum treatment efforts, and this has not changed despite technological advances in neurosurgery, radiation therapy, and clinical trials of conventional and novel chemotherapy (29) .
We have previously reported the presence of an amiloridesensitive current in glioblastoma cells that is not seen in normal astrocytes or low-grade gliomas (10) . Several members of the epithelial sodium channel (ENaC)/Degenerin (Deg) family are expressed in primary GBM cells and in glioma-derived cell lines (10) . Knocking down acid-sensing ion channel 1 (ASIC1), ␣ENaC, and ␥ENaC in D54-MG glioma cells significantly inhibited the amiloride-sensitive current and migration of glioma cells making it likely that the active channel in glioma cells contains (at a minimum) ASIC1, ␣ENaC, and ␥ENaC (25) . The ENaC/Deg superfamily includes members of the ENaC and ASIC (26) . The characteristic feature of these family members is that they are inhibited to varying extents by the diuretic amiloride (16) . Initially identified in the cortical collecting duct of the distal nephron (12, 37) , ENaC subunits are expressed in multiple tissues including epithelia, endothelia, osteoblasts, keratinocytes, taste cells, lymphocytes, and in the brain parenchyma (7) . Dysfunction of ENaC has been long proposed to play a primary role in salt-sensitive hypertension (Liddle's syndrome) (38, 40) , pseudohypoaldosteronism type 1 (38) , cystic fibrosis (9) , chronic airway diseases (31) , and flu (20) .
ENaC channels play an important role in the regulation of Na ϩ ion entry into cells and tissues throughout the body. There are five ENaC subunits (␣, ␤, ␥, ␦, and ε) (5, 26) with the prototypical functional channel of the distal nephron being composed of ␣-, ␤-, and ␥-subunits (12) . All members of the ENaC/Deg family share the same structural topology. The intracellular NH 2 -and COOH-termini are short and are connected by a large extracellular loop via two transmembrane spanning domains (7, 26) . The other important branch of the ENaC/Deg family is the ASIC family of ion channels found predominantly in the central and peripheral nervous system (19, 27, 46) . Four ASIC subunits have been identified so far, ASIC1-4, with ASIC1-3 having multiple splice variants (28) . Members of the ASIC family are transiently activated by extracellular acidosis (27) and are less sensitive to amiloride inhibition compared with ENaC (43) . Furthermore, human ASIC1b is highly sensitive to inhibition by psalmotoxin-1, a 40-amino acid peptide found in the venom of the West Indies tarantula Psalmopoeus cambridgei (17) . Because they are activated by extracellular acid, ASICs are thought to play a role in ischemic pain (23, 24) . They have also been suggested to play a role in learning and memory (45) , touch sensation (35) , and fear conditioning (44) .
We have previously shown that ASIC1 interacts with both ␣ENaC and ␥ENaC in glioma cells and that knocking down one of these three subunits significantly inhibits glioma cell whole cell current and cell migration (25) . In the present study we further tested the hypothesis that the three subunits associate at the cellular level. Using total internal reflection fluorescence microscopy (TIRFM) in live cells, we have found that ASIC1 and ENaC subunits colocalize when expressed in rat astrocytes consistent with our hypothesis that a hybrid channel composed of ASIC1 and ENaC subunits is expressed in GBM cells. Furthermore, we show that there is a redistribution of the channel subunits to a submembrane location following exposure of the cells to mildly acidic conditions.
MATERIALS AND METHODS
Cell culture. Experiments were performed on a glioma cell line D54-MG derived from a WHO grade IV tumor (a kind gift of Dr. D. Bigner, Duke University, Durham, NC) and primary GBM cells and primary human astrocytes [both a kind gift of Dr. Yancey Gillespie, University of Alabama (UAB), Birmingham, AL], and rat primary astrocytes. D54-MG, GBM cells and human astrocytes were maintained in 50:50 Dulbecco's modified Eagle's medium (DMEM)/F-12 medium (Invitrogen, Carlsbad, CA) supplemented with 10% vol/vol fetal bovine serum (Hyclone, Logan UT) and 100 IU/ml-1 penicillinstreptomycin (Invitrogen). For TIRFM imaging, cells were split 48 h before imaging into 35-mm dishes containing flame-sterilized coverslips. In the case of transfection, cells were split 24 h before the transfection experiment and then allowed to grow for 24 -48 h before use.
All animal experiments were carried out in accordance with UAB IACUC protocols. Primary rat astrocytic cell cultures were prepared as described previously (32) . Briefly, visual cortices were dissected from 0-to 2-day-old Sprague-Dawley rats and treated with papain (20 IU/ml; Sigma-Aldrich, St. Louis, MO) and 0.2 mg/ml of L-cysteine in Hank's Balanced Salt Solution (HBSS) (Invitrogen) for 1 h at 37°C. The tissue was washed with HBSS and incubated with trypsin inhibitor (type II-O, 10 mg/ml, Sigma-Aldrich) in HBSS for 5 min. After an additional wash with HBSS, the tissue was triturated in culture medium containing ␣-minimum essential medium (␣-MEM, Invitrogen) supplemented with 10% (vol/vol) fetal bovine serum (Hyclone), 20 mM glucose, 2 mM L-glutamine, 1 mM sodium pyruvate, 14 mM sodium bicarbonate, penicillin (100 IU/ml), and streptomycin (100 g/ml), pH 7.35. The resulting cell suspension was applied to culture flasks and maintained in a culture medium at 37°C in a 5% CO 2-95% air incubator for 4 -14 days before submitting the culture to an astrocyte purification procedure. Flasks were shaken twice on a horizontal orbital shaker at 260 rpm, first for 1.5 h, and then after two exchanges with culture medium, again for 18 h. Cells that remained adherent at the bottom of the flask were detached using trypsin (10,000 N␣-benzoyl-L-arginine ethyl ester hydrochloride units/ml; Sigma-Aldrich) dissolved in HBSS and pelleted by centrifugation at 100 g for 10 min. The resulting cell pellet was resuspended in complete medium and plated on to glass coverslips (12 mm in diameter) precoated with 1 mg/ml polyethyleneimine (PEI, SigmaAldrich) and seeded in 35-mm Petri dishes. This procedure yields a culture with purity Ͼ99% as confirmed by glial fibrillary acidic protein (GFAP) immunolabeling and accumulation of the dipeptide ␤-Ala-Lys conjugated to 7-amino-4-methylcoumarin-3-acetic acid (AMCA) (20 M at 37°C for 2 h) (32) .
Stable GFP/YFP cell lines. Posttransfection with either ASIC1-green fluorescent protein (GFP), ␣ENaC-yellow fluorescent protein (YFP), or eYFP as described below, D54-MG cells were treated with 500 g/ml G418 to select for transfected cells. After antibiotic selection, GFP/YFP-positive cells were sterile sorted by the Center for AIDS Research FACS facility at UAB.
Antibodies. ␣ENaC and ␥ENaC rabbit polyclonal antibodies were generated against synthetic peptides in collaboration with Dr. Mark Knepper (NIH) as previously described (8, 25) . The antibodies against ASIC1 were either obtained from Santa Cruz Biotechnology (Santa Cruz, CA) or were developed in house and were identical to those used previously (41, 42) . Anti-␦ENaC was obtained from Santa Cruz Biotechnology. Anti-GFP antibody, which detects both GFP and YFP, was obtained from Abgent (San Diego, CA). The antibody against actin was obtained from Millipore (Billerica, MA).
Tissue immunohistochemistry. Human GBM biopsy tissue and non-neoplastic brain tissue were obtained from Dr. Yancey Gillespie and Dr. Cheryl A. Palmer (UAB), as per University of Alabama at Birmingham IRB protocol. Protocols to perform immunohistochemistry (IHC) on human brain tissue were submitted to and approved by the UAB IRB. Paraffin-fixed tissues were deparaffinized using 2ϫ washes of CitriSolv (Fisher Scientific, Pittsburg, PA) for 5 and 10 min followed by 3ϫ 5-min washes with isopropanol, followed by washing the slides with distilled water (3ϫ 5 min). Deparaffinized slides were placed in citrate buffer and steamed for 25 min. After citrate retrieval, slides were oxidized with 3% H 2O2 for 15 min and then washed with running water and phosphate-buffered saline (PBS; 3ϫ 5 min). Slides were subsequently blocked for 15-30 min with Triton X-100 containing PBS-blocking buffer (10% bovine serum albumin, 2% nonfat powdered skimmed milk, 0.3% Triton X-100 in PBS). Slides were incubated overnight at 4°C with primary antibody as described above (1:100 dilution in each case); commercial and home-generated antibodies gave identical results. After overnight incubation, slides were washed with PBS 3ϫ 5 min each in a large dish on a rotating platform and then incubated for 1 h at room temperature (20 -24°C) with SuperPictureRabbit polymer HRP secondary antibody (Invitrogen). Slides were washed again 3ϫ 5 min each with PBS in a large dish on a rotating platform. Slides were treated for 10 min with the tyramide sensitivity amplification kit (PerkinElmer, Waltham, MA), according to the manufacturer's directions. The reaction was stopped by tipping off the solution and washing the slide in PBS 3ϫ 5 min each, and slides were treated for 45 min with an enzyme-based polymer detection buffer using Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA). Slides were washed again for 3ϫ 5 min in PBS followed by 2ϫ 5 min with water and then treated with DAB-Metal Enhanced DAB kit (Pierce, Rockford, IL) at 1:9 ratio in PBS for 5-10 min. Slides were washed again twice with water and counter stained with hematoxylin (Fisher Scientific) for 1 min followed by regression with dilute acid alcohol for 10 s and treatment with ammonia water for 2 min. Slides were then dehydrated with increasing concentrations of ethyl alcohol (70 -100%), followed by treating the slides with fresh xylene two to three times and mounting of coverslips using CytoSeal 60 permanent mounting media (Richard Allan Scientific, Kalamazoo, MI). Slides were then imaged using an Olympus BX40 microscope equipped with a UPanF1 ϫ40 objective and documented using a Nikon Coolpix E4500 digital camera.
Isolation of cellular RNA and real-time PCR. Total cellular RNA was isolated from primary GBM cells and primary human astrocytes using RNeasy (Qiagen, Valencia, CA), according to the manufacturer's recommendations. RNAs isolated 48 h posttransfection from Chinese hamster ovary (CHO)-K1 cells transfected with cDNAs for human ASIC1, ␣ENaC, and ␥ENaC were used as positive controls. RNA concentration was calculated based on the absorbance at 260 nm. RNA samples were stored at Ϫ20°C. Real-time PCR to measure ASIC1 (Hs00241630_m1), ␣ENaC (Hs00168906_m1), and ␥ENaC (Hs00168918_m1) mRNA was performed using TaqMan One-Step RT-PCR Master Mix Reagents (Applied Biosystems, Carlsbad, CA), using the manufacturer's handbook as a reference (Relative Quantification; Applied Biosystems 7300/7500 Real Time PCR System; 2004). 18S rRNA (Applied Biosystems, Hs99999901_m1) was amplified as an internal control.
Immunoblotting and biotinylation. Separate dishes of two different primary normal human astrocyte cultures (identification numbers ending in 1009 or 1080) and two different primary GBM cultures (identification numbers ending in 1260 or 1016) were washed twice with ice-cold PBS and incubated in lysis buffer [150 mM NaCl, 5 mM EDTA, 50 mM Tris (pH 7.5), 1% Triton X-100, complete protease inhibitor cocktail (Roche)] at 4°C for at least 30 min. The cells were scraped off the dishes, and the lysate was transferred to a microcentrifuge tube and passed through a 21-gauge needle 5-7 times. After centrifugation at 13,400 g for 20 min at 4°C, the supernatants were saved, and 30 g of lysate were used for Western blot analysis. The lysates were boiled at 95°C for 7 min in 1ϫ Laemmli sample buffer [62.5 mM Tris·HCl (pH 6.8), 25% glycerol, 2% SDS, 10% ␤-mercaptoethanol, and 0.01% bromophenol blue] and loaded onto to 4% stacking and 8% resolution SDS-PAGE gel. The separated proteins were transferred to Immobilon-P transfer polyvinylidene difluoride (PVDF) membranes (Millipore). Membranes were blocked for nonspecific binding with 10% nonfat dry milk in Tris-buffered saline with Tween (TBS-T) [100 mM Tris (pH 7.5), 150 mM NaCl, and 0.1% Tween-20] for 30 min to 1 h at room temperature (20 -24°C) or overnight at 4°C and probed with the appropriate antibodies in 3% milk in TBS-T overnight at 4°C or 1-3 h at room temperature. Antibodies used were the following: rabbit anti-␣ENaC and rabbit anti-␥ENaC antibodies at 1:200; rabbit anti-␦ENaC antibody (Santa Cruz) at 1:200; and rabbit anti-ASIC1 (Santa Cruz) at 1:200; and mouse anti-actin (Millipore) at 1:20,000. The blots were washed with TBS-T and incubated in goat anti-rabbit horseradish peroxidase (HRP)-conjugated antibody (Thermo Scientific, 1:10,000) in 5% milk in TBS-T. The blots were developed in SuperSignal West Pico Substrate (Thermo Scientific) and exposed to X-ray film (Denville).
For the surface protein biotinylation experiments, D54-MG cells stably transfected with ASIC1-GFP were grown in 100-mm dishes. After the appropriate treatment [Krebs buffer pH 7.4 or 6.0, composition in mM: 140 NaCl, 5 KCl, 2 CaCl 2, 2 MgCl2, 10 HEPES, and 5 glucose] at 37°C for 4 h, the cells were biotinylated with all steps performed at 4°C or on ice. The cells were washed three times with ice-cold PBS and incubated in 4 ml biotinylation solution (1 mg/ml EZ-Link Sulfo NHS-SS-Biotin ThermoScientific, in PBS) for 1 h. The cells were then washed three times with PBS and once with quenching buffer (100 mM glycine in PBS). The cells were incubated in quenching buffer for 15 min. They were then washed three times with cold PBS, and lysates were prepared as described above. Resulting total cell lysates were either directly used for immunoblotting or incubated with 100 l of 50% slurry of streptavidin agarose beads (ThermoFisher) overnight with end-over-end rotation at 4°C. After incubation, the lysates were centrifuged at 2,300 g for 5 min, and the supernatant was discarded. The pellet was washed three more times in lysis buffer containing 0.1% Triton X-100. Bound proteins were released from the pelleted beads following the final wash by the addition of 50 l of SDS-PAGE sample buffer. Samples were heated at 95°C for 5 min before being loaded onto the gel.
Cell transfection. D54-MG cells were transfected using Lipofectamine 2000 and Opti-MEM (Invitrogen) according to the manufacturer's protocol. Briefly, cells were split into 35-mm dishes with coverslips, 24 h before transfection. A cDNA-to-lipid ratio of 1:5 was used for transfection. DNA was diluted in 50 l per dish of Opti-MEM, and an appropriate amount of Lipofectamine was diluted in another 50 l per dish of Opti-MEM. After 5 min incubation diluted DNA was combined with diluted Lipofectamine and the mix incubated for 20 min at room temperature (20 -24°C) to complex them, after which 100 l of resulting complexes were added to each dish and mixed gently by rocking the dish. The transfection medium was changed with fresh medium after 4 -6 h incubation.
Purified rat primary astrocytes were transfected using TransIT 293 transfection reagent (Mirus Bio, Madison, WI) as described previously (33) . At 1 h before the transfection procedure, the astrocyte culture medium was exchanged with fresh medium. The transfection agent was prepared by mixing ␣-MEM (Invitrogen) with no additives and TransIT-293 (2 l/1 g of plasmid DNA) reagent, followed by vortex mixing and incubating for 10 min at room temperature (20 -24°C) . At this time, plasmid DNA (1 g/ml) was added to the mixture and incubated for 15 min at room temperature. The mixture was evenly dispersed into dishes containing astrocytes grown on PEIcoated coverslips, which were incubated for 4 h at 37°C in a 5% CO2-95% air incubator. After incubation and washout of transfection mixture, fresh complete medium was applied and cells were returned to the incubator for 48 -72 h, at which time they were used for experiments.
Cell image acquisition and processing. All experiments using live cells were done at room temperature of 20 -24°C; for the pH experiments the room temperature was raised to ϳ37°C. Cells were bathed in external solution (pH 6.0 or 7.4) containing (in mM) 140 NaCl, 5 KCl, 2 CaCl 2, 2 MgCl2, 10 HEPES, and 5 glucose. We used an inverted microscope (IX71 or IX81; Olympus, Center Valley, PA) equipped with differential interference contrast, wide-field epifluorescence and total internal reflection fluorescence illumination. Visualization of YFP and GFP was accomplished using a TIRF-488 nm laser filter set (Chroma Technology, Rockingham, VT), whereas DsRed was visualized using a TIRF-543 nm laser filter set (Chroma Technology). Images were captured through a ϫ60 plan-achromatic oilimmersion TIRFM objective [numerical aperture (NA), 1.45; Olympus] using a CoolSNAP-HQ-cooled, charged-coupled device (CCD) camera (Roper Scientific, Tucson, AZ) driven by Metamorph imaging software version 7.0 (Molecular Devices, Sunnyvale, CA). The objective we used (NA ϭ 1.45) along with borosilicate glass coverslips (n ϭ 1.53; D-263 glass, Erie Scientific, Portsmouth, NH), immersion oil (n ϭ 1.515; Olympus), and the refractive index of the cells [1.33-1.38; (39)] yields a penetration depth of the evanescent field of 65-82 nm and 72-91 nm for 488 nm and 543 nm excitation wavelengths, respectively. The laser beam was brought to the correct angle for internal reflection by focusing it on the outer edge of the objective's rear aperture. The light source was an argon laser (10 mW at 488 nm; Melles Griot, Carlsbad, CA) or a helium-neon laser (5 mW at 543 nm; Melles Griot). All images shown in the figures represent pseudocolored raw data with their pixel intensities within the camera's dynamic range (0 -4,095). For analysis, data were background subtracted using a fluorescence image acquired in a region of coverslip without cells. Images were pseudocolored after acquiring using Metamorph 7.0 imaging software.
Colocalization analysis. Quantification of colocalization between either ␣ENaC-YFP or ␥ENaC-YFP with ASIC1-DsRed was accomplished by defining the percent overlap of their individual positive pixels. The pixel was declared positive if its intensity value exceeded a threshold value determined for each channel/filter set as the average fluorescence intensity of the cell area ϩ 2 SD (30) .
High resolution clear native electrophoresis. High resolution clear native gel electrophoresis (hrCNE) was performed using a modification of a previously described technique (49) . Briefly, D54-MG cells stably transfected with ASIC1-GFP, ␣ENaC-YFP, or eYFP were grown on 100-mm tissue culture dishes. Cells were allowed to grow to 90 -100% confluency and then scraped and collected by centrifugation at 600 g for 5 min at 4°C. Total membranes from the three cell types were isolated using a plasma membrane protein extraction kit (BioVision, Mountain View, CA) according to the manufacturer's protocol. The total membrane pellet was subsequently solubilized using buffer containing 50 mM imidazole-HCl, 500 mM 6-aminohexanoic acid, 1 mM EDTA, and pH 7.0 as previously described (48) or by using NativePAGE Sample Buffer (4ϫ) (Invitrogen). Both solubilization buffers produced identical results. Ten percent of mild nonionic detergent dodecyl-␤-D-maltoside (DDM) was added to help solubilize membrane proteins. The solubilized proteins were centrifuged at 100,000 g for 15 min at 4°C. The resulting pellet obtained following centrifugation was discarded, and protein concentration was measured in the supernatant using the bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL). Solubilized protein (10 -15 g) was supplemented with 10 l of 50% glycerol and 0.1% Ponceau S (Sigma-Aldrich) and loaded onto an 8 -13% Tris-acetate gradient gel (Invitrogen). The gel was run in the cold (4 -7°C) at 150 mV using anode buffer (25 mM imidazole-HCl, pH 7.0) and cathode buffer (50 mM tricine, 7.5 mM imidazole, pH 7.0, supplemented with 0.05% wt/vol sodium deoxycholate, and 0.01% of DDM). The electrophoresis was stopped when the red line of the Ponceau S dye approached the gel front. After electrophoresis the gel was incubated for 20 min in a threefold gel volume buffer (300 mM Tris, 100 mM acetic acid, 1% SDS, pH 8.6) as described by Wittig et al. (49) . The gels were then placed between two glass or plastic plates and stored at room temperature (20 -24°C) for 1 h to spread the SDS in the gel evenly and to denature the proteins (49) . Proteins were then transferred overnight from the gel onto a PVDF membrane using 0.001% SDS containing transfer buffer (25 mM Tris, 192 mM glycine, and 20% methanol). After transfer PVDF membrane was blocked with 5% nonfat dry milk in TBST buffer [100 mM Tris (pH 7.5), 150 mM NaCl, 0.1% Tween 20] for 1 h and then incubated overnight at 4°C with anti-GFP (also detects YFP) primary antibody. The blots were developed with HRPconjugated secondary antibody, enhanced chemiluminescence (SuperSignal West Pico Pierce), and autoradiography.
Perforated patch-clamp recording. Whole cell current recordings were obtained using standard amphotericin B (Sigma-Aldrich) perforated patch methodology at room temperature (20 -24°C) from cells mounted on a flow through a chamber on the stage of a Leica DM IRB inverted microscope (Leica Microsystems, Heidelberg, Germany). Bath solution exchange was achieved using a pinch valve control system converging on an 8 -1 manifold. Tips of borosilicate recording pipettes (5-7 M⍀) were back filled with pipette solution [150 mM KCl, 10 mM HEPES, pH 7.2 (Tris·HCl)] and then with the same solution containing ϳ0.2 mg/ml amphotericin B (1). Currents were obtained using an Axopatch 200B patch-clamp amplifier (Axon Instruments, Molecular Devices) and Clampex software (pClamp 8, Axon Instruments, Sunnyvale, CA) and digitized (Digidata 1321A interface, Axon Instruments) at a sampling frequency of 2 kHz. Current-voltage relationships were obtained using a pulse protocol in which cells were stepped from a Ϫ40 mV holding potential in 20-mV increments (between Ϫ100 and ϩ80 mV) for 250 ms. Mean currents were obtained from the average of three sweeps during the final 50-ms period of each sweep using Clampfit software (Axon Instruments). Bath solutions contained (in mM) 140 NaCl, 4.0 KCl, 1.8 CaCl 2, 1.0 MgCl2, 10 glucose, 10 HEPES, pH 7.4 (NaOH) or pH 6.0 (HCl). Currents were measured after 3-4 h exposure of cells to pH 7.4 or 6.0 maintained under same conditions as those for TIRF microscopy experiments.
Statistical analysis. All experiments were repeated a minimum of three times. Differences between groups were assessed using Student's t-test. Data are presented as means Ϯ SD, except for patchclamp data in which error bar represents means Ϯ SE. Significance was set at P Ͻ 0.05.
RESULTS
Human GBM biopsy tissue qualitatively shows an apparent higher expression of ASIC1, ␣ENaC, and ␥ENaC compared with nonmalignant brain tissue. Because we have previously shown that cells of high-grade gliomas express RNA for many different subunits of the ENaC and ASIC families (10) and that ASIC1, ␣ENaC, and ␥ENaC form a hybrid channel in GBMs giving rise to the amiloride-sensitive current in these cells (25) , we qualitatively examined expression of these proteins in GBM biopsy tissue compared with nonmalignant brain tissue. We obtained biopsy tissues from patients undergoing surgery for GBM and non-neoplastic tissue from those undergoing surgery for the treatment of refractory epilepsy. Paraffinembedded GBM and non-neoplastic brain slices were stained using the protocol as described above. Staining for GFAP was used as a positive control (Fig. 1, A1 and A2) . GBM slices stained with ASIC1 antibody showed increased staining for this subunit in GBM tissue compared with non-malignant brain tissue (Fig. 1, B1 and B2) . Similarly, ␣ENaC staining was more intense in GBM tissue compared with non-neoplastic tissue (Fig. 1, C1 and C2) . In contrast, staining for ␥ENaC was not different in GBM tissue compared with non-malignant brain tissue (Fig. 1, D1 and D2) . We have previously shown that knocking down ␦ENaC did not inhibit the amiloride-sensitive whole cell current of D54-MG cells thereby making it unlikely that ␦ENaC was part of the glioma channel complex (25) . Consistent with this finding, staining for ␦ENaC was slightly more intense in non-neoplastic tissue (Fig. 1E1 ) compared with GBM tissue (Fig. 1E2) but was weak compared with that for the other subunits.
Primary GBM cells quantitatively show a higher expression of ASIC1, ␣ENaC, and ␥ENaC mRNA, but not protein, compared with primary human astrocytes. Although staining for ASIC1 and ␣ENaC seemed to be enhanced in GBM samples, an increased number of cells per field (e.g., compare Fig. 1, A1 and A2) in the tumor samples could underlie these results. We therefore used real-time PCR to quantify the level of expression of ASIC1, ␣ENaC, and ␥ENaC mRNA levels in primary GBM cells and primary human astrocytes. We found that primary GBM cells had a significantly higher expression of ASIC1 ( Fig. 2A) and ␣ENaC (Fig. 2D ) mRNA levels when compared with primary human astrocytes. Expression of ␥ENaC mRNA was not significantly different from the expression in astrocytes (Fig. 2G) . We have previously reported (25) that ␦ENaC message is poorly expressed in glioma cells and primary astrocytes, and our attempts to quantify message levels of this subunit in primary cultures of GBMs was also unsuccessful. In contrast, immunoblots for ASIC1 (Fig. 2, B and C) , ␣ENaC (Fig. 2, E and F) , and ␥ENaC (Fig. 2, H and I ) demonstrated that expression of these subunits in glioblastoma was either the same or lower than that in normal brain sections. It should be noted that the data here reference the total protein content, as assessed by the actin loading control. Furthermore, the expression was variable, depending on the biopsy sample from which the primary cultures were derived. We also found that expression of ␦ENaC was the same in both cell types (data not shown). The finding that the respective mRNAs for ASIC1 and the ENaC subunits are increased in GBMs, whereas protein expression was lower, may reflect a fast turnover of the respective subunits relative to mRNA expression, or inefficient translation of the message.
Colocalization of ASIC1 with ␣ENaC and ␥ENaC. In our previous studies we had shown using coimmunoprecipitation that ASIC1 interacts with ␣ENaC and ␥ENaC on the plasma membrane of D54-MG glioma cells (25) . To further corroborate this finding and to detect whether colocalization occurs on a subcellular level in a live cell, we used TIRFM to study the colocalization of ASIC1 with ␣ENaC and ␥ENaC. This technique provides an excellent method for studying fluorescently tagged molecules at, and/or very near to, the plasma membrane and can be used in live cells. Despite repeated efforts we were unable to cotransfect D54-MG cells with more than one subunit of the ENaC/Deg family. However, we were able to cotransfect rat astrocytes with two ENaC/Deg subunits and thus used these cells for a subsequent set of experiments.
Rat astrocytes were transfected with cDNA for ASIC1-DsRed, ␣ENaC-YFP, or ␥ENaC-YFP, individually and in combination, and imaged 2 days posttransfection. Imaging of astrocytes transfected with individual cDNAs allowed us to rule out bleed through between the two fluorophores when using the TIRF-543 nm channel (DsRed imaging) and TIRF-488 nm channel (YFP imaging) (data not shown). We transfected rat astrocytes with two combinations of cDNAs: ASIC1-DsRed plus ␣ENaC-YFP and ASIC1-DsRed plus ␥ENaC-YFP. Figure 3A shows representative TIRFM images of astrocytes transfected with ␣ENaC-YFP (left) and ASIC1-DsRed (middle) and the merged image (right). Figure 3B Immunhistochemical staining of acidsensing ion channel 1 (ASIC1) and epithelium sodium channel (ENaC) subunits in glioblastoma biopsy tissue and non-neoplastic brain tissue. Representative images of human non-neoplastic brain tissue (left) and glioblastoma multiforme (GBM) biopsy tissue (right) stained with antibodies against glial fibrillary acidic protein (GFAP) (A1 and A2), ASIC1 (B1 and B2), and ␣ENaC (C1 and C2) qualitatively show apparent higher staining in GBM tissue compared with non-neoplastic brain tissue. Staining for ␥ENaC (D1 and D2) showed a slight increase in GBM tissue compared with non-neoplastic brain tissue, whereas non-neoplastic brain tissue showed a slightly more intense staining for ␦ENaC expression than GBM tissue (E1 and E2). n Ն 3 for each condition. Scale bar is 200 m.
similarly shows representative images of astrocytes transfected with ␥ENaC-YFP (left) and ASIC1-DsRed (middle) and the merged image (right). Both merged images (A and B) show an overlapping pattern of expression for ASIC1 with ␣ENaC and ␥ENaC. We further quantified the colocalization pattern of ASIC1 with ␣ENaC and of ASIC1 with ␥ENaC. We found that in cells that coexpressed ␣ENaC-YFP and ASIC1-DsRed, the percent ␣ENaC-YFP-positive pixel overlapping with ASIC1-DsRed-positive pixel was 37 Ϯ 12% (n ϭ 14) and ASIC1-DsRed overlapping with ␣ENaC-YFP was 37 Ϯ 14% (n ϭ 14). Similarly, in cells that coexpressed ␥ENaC-YFP and ASIC1-DsRed, we found YFP overlapped DsRed with an average of 37 Ϯ 16%( n ϭ 22) and DsRed overlapped YFP with an average of 39 Ϯ 15% (n ϭ 22). Our quantification data showed an almost identical overlap expression of ASIC1 with ␣ENaC and of ASIC1 with ␥ENaC. A 37% overlap of both the ENaC subunits with ASIC1 is consistent with these three subunits forming a trimer. Figure 3C shows the epifluorescence images of the same cell as shown in 3B, illustrating the total cellular fluorescence associated with each subunit. In these latter images, colocalization of ASIC1 and ␥ENaC can be seen in a perinuclear location consistent with the ER/Golgi; this staining is clearly absent from the TIRF images. Similar epifluorescence images of the cell shown in Fig. 3A showed perinuclear localization of ASIC1 and ␣ENaC (data not shown). These data suggest that ASIC1, ␣ENaC and ␥ENaC interact at and/or near the plasma membrane of rat astrocytes.
ASIC and ENaC subunits form a large channel complex in glioma cells. To further understand the channel characteristics of amiloride-sensitive ion channels in glioma cells, we determined the size of the channel complex made up of ASIC1 and ENaC subunits. Determining the size of the complex will help us understand not only the subunit stoichiometry but would also help in identifying other proteins that might interact with Fig. 2 . Relative mRNA and protein levels from primary glioblastoma cells and primary human astrocytes. Average relative mRNA expression for different ENaC/degenerin (Deg) subunits proportional to 18S RNA were measured in primary GBM cells and primary human astrocytes using RT-PCR. A significantly higher mRNA expression for ASIC1 (A) and ␣ENaC (D) was seen in GBM cells compared with primary astrocytes. Expression of ␥ENaC mRNA (G) was also higher but not significantly increased in GBM cells compared with primary human astrocytes (n ϭ 6 experiments run in duplicate). B and C: corresponding ASIC1 protein level in primary human astrocytes and primary GBM cells using Western blot analysis (n ϭ 7). E and F: ␣ENaC protein levels (n ϭ 6). H and I: ␥ENaC protein levels (n ϭ 6). Western blot data were normalized for the density of the corresponding actin band and then normalized to the density of the band for the normal astrocyte sample no. 1009. Error bars Ϯ SD. *P Ͻ 0.05. the ASIC1-ENaC complex. To determine the size of the channel complex, we used the technique of high resolution clear native electrophoresis (hrCNE) (49) . Lysates from D54-MG cells stably transfected with ASIC1-GFP, ␣ENaC-YFP, or eYFP alone, were separated on an 8 -13% native gel and blotted with a GFP/YFP antibody. Figure 4 shows the presence of a distinct band at Ϸ480 kDa (white arrows) in both ASIC1-GFP and ␣ENaC-YFP lanes. Figure 4, A and B , is of the same membrane but taken at different exposures to clearly bring out the 480-kDa band. This band was not detected in the Fig. 3 . Colocalization of ASIC1 and ENaC subunits in rat astrocytes. A: primary rat astrocytes cotransfected with ASIC1-DsRed and ␣ENaC-yellow fluorescent protein (YFP) were imaged using total internal reflection fluorescent microscopy (TIRFM). Images of ␣ENaC-YFP (left) and ASIC1-DsRed (middle) were merged postacquisition (right). B: primary rat astrocytes cotransfected and expressing ␥ENaC-YFP (left) and ASIC1-DsRed (middle); merged TIRFM image (right). Both TIRFM merged images in A and B show a colocalization of ASIC1 with ␣ENaC and ␥ENaC, respectively. n ϭ 14 -22 for different conditions. C: epifluorescence (EPI) images, from the same cell as shown in B, display the perinuclear and ER/Golgi staining, which is not seen in the TIRFM images. eYFP lane, suggesting that ASIC1-␣ENaC subunits form a large 480-kDa channel complex in D54-MG glioma cells. The 480-kDa size of the channel complex suggests that in addition to ASIC1 and ␣ENaC, other proteins are likely part of this complex. Because we have shown that ASIC1 interacts with ␥ENaC in D54-MG glioma cells and plays an important role in glioma cell whole cell currents and cell migration (25), we hypothesize that ␥ENaC is also present in this complex, although we were unable to generate a stable ␥ENaC cell line to test this hypothesis, despite several attempts. ASIC1 and ENaC subunits have molecular masses ranging from 70 -90 kDa, and the addition of eGFP/eYFP (molecular mass ϳ25 kDa) is consistent with a complex stoichiometry of ASIC1-␣ENaC-␥ENaC for the channel heteromer, potentially in combination with other regulatory proteins.
Low pH o redistributes intracellular ASIC1 and ␣ENaC in D54-MG glioma cells. Studies from several laboratories have shown that the pH at the core of glioma tissue can be as low as pH 6.0 (47, 50) . We thus wanted to determine what the effect of exposure to extracellular pH (pH o ) 6.0 would be on the distribution of the glioma ASIC-ENaC cation channel in D54-MG glioma cells using TIRFM. The advantage of TIRFM was that it allowed us to follow the time course changes in ASIC1 localization in a live glioma cell upon reducing the pH from 7.4 to 6.0. D54-MG glioma cells stably expressing ASIC1-GFP were sparsely plated on 12-mm glass coverslips and mounted in the chamber for TIRF imaging using the TIRF-488-nm laser set. Since ASIC1 was tagged with GFP, changes in the intensity of GFP are indicative of changes in ASIC1 distribution. It should be noted, however, that GFP emission intensity changes with pH, with higher pH causing an increase in emission (34) . Hence, readouts of our experiments may underestimate the magnitude of increase of ASIC1 fluorescence since some intracellular acidification should occur during the time course of our experiments. Nonetheless, 500 l of external solution at pH 7.4 was added to the chamber, and the first image was taken at 0 min time point. The external solution was then exchanged to one at pH 6.0, and a series of images were taken at 30, 60, 120, 180, and 240 min after exchanging the solution. As a control, cells were imaged while exchanging the original solution for one maintained at pH 7.4 (sham run), instead of pH 6.0.
In the sham run, at pH 7.4 ( Fig. 5A) , there was some change in the shape of the cell during the 240-min time course, but cells did not show major overall difference in the intensity of ASIC1-GFP within the TIRF field. The insets (lower left corner of each image) in Fig. 5A show the corresponding epifluorescence images. We found that even though there was an increase in the perinuclear signal over time as seen in the epifluorescence images, the signal within the TIRF field remained constant when cells were maintained at neutral pH. Glioma cells under acidic conditions (Fig. 5B) showed some change in shape and an increase in ASIC1 signal at or near the plasma membrane within the TIRF field starting within 60 min of reducing the pH of the bath solution from 7.4 to 6.0. Unlike epifluorescence images of cells at neutral pH, epifluorescence images of cells under acidic conditions did not show an increase in the perinuclear signal ( Fig. 5B; insets) . We also found that under acidic conditions most of the increase in signal within the TIRF field occurred at one of the edges of the cell rather than being evenly distributed throughout the whole cell. To further quantify the average ASIC1-GFP fluorescence intensity within the TIRF field under each experimental condition, we measured the GFP signal intensity of cells at 0 min time point and at 180 min time point. We normalized the signal intensity at 180 min time point (at pH 6.0 or 7.4) to the signal intensity at the initial condition (0 min, pH 7.4) for each cell tested. Figure 5C shows the average normalized GFP signal for each condition. Incubating the cells at pH 7.4 caused a slight increase in the signal at 180 min time point, which was not statistically significant from the signal at 0 min time point. This slight increase could be due to the inherent variability in the expression of ASIC1-GFP in the cell over time. After exposure to pH 6.0 for 180 min, there was a statistically significant increase in ASIC1-GFP fluorescence within the TIRF field (Fig. 5C ). Our data suggest that acidic conditions cause a redistribution of of ASIC1 subunits to a position very close to the plasma membrane.
We next wanted to determine whether the increase in GFP signal intensity under extracellular acidic conditions was specific to ASIC1. For this we transiently transfected D54-MG glioma cells with cDNA for chloride channel 1 (ClC-1)-YFP and imaged the transfected cells 2-3 days posttransfection using the same protocol as described above. We found no significant change in the fluorescence distribution of the chloride channel ClC-1 at pH 6.0 (at 180 min) compared with its distribution at pH 7.4 (Fig. 6, A and B) , suggesting specificity in our experiment to detect changes in the distribution ASIC1 in D54-MG glioma cells.
It is likely that ASIC1 forms a channel complex with ENaC subunits in glioma cells. Thus a change in the localization of ASIC1 should be matched by a corresponding change in the localization of ENaC subunits. D54-MG cells stably expressing ␣ENaC-YFP were plated onto coverslips and imaged as described above. Figure 7A shows an increase in ␣ENaC-YFP signal intensity upon reducing the pH of the external solution to pH 6.0 similar to the increase in fluorescence observed for ASIC1-GFP. Figure 7B illustrates the increase in signal intensity at pH 6.0 (180 min) compared with that at pH 7.4. Since extracellular pH has been shown to have no effect on the regulation of ␣ENaC (14), the increased fluorescence associated with the expression of ␣ENaC-YFP in D54-MG glioma cells under acidic conditions, suggests that a low pH o evokes a parallel change in the distribution of ASIC1 and ␣ENaC, consistent with our hypothesis that these two subunits contribute to a channel complex in glioma cells.
Surface biotinylation of ASIC1. Because TIRF imaging cannot distinguish between fluorescence located at or near the plasma membrane, we biotinylated plasma membrane proteins of D54-MG cells stably expressing ASIC1-GFP. We found that glioma cells incubated at pH 6.0 for 4 h showed a decreased ASIC1 surface expression compared with glioma cells incubated at pH 7.4 (Fig. 8A) . We then used immunoblotting to look for the difference between the expression of total ASIC1 protein in glioma cells incubated at pH 6.0 and cells incubated at pH 7.4. Similar to our biotinylation experiment, we found a decrease in the expression of total ASIC1 protein in cells incubated at pH 6.0 compared with pH 7.4 (Fig. 8B) . These two blots taken together suggest that the ratio of plasma membrane protein to total protein under both conditions remains the same. The seemingly apparent decrease in plasma membrane ASIC1 protein under acidic conditions is most likely due to a decrease in total ASIC1 protein expression rather than internalization. Since ASIC1 protein levels were not elevated in Western blot experiments, biotinylation data suggest that the increase in fluorescence observed in the TIRFM experiments was due to redistribution of existing channels (without de novo synthesis) to the subplasmalemmal space.
Effect of low pH o on the amiloride-sensitive glioma current. As a further confirmation of finding that the glioma channel complex redistributed to the subplasmalemmal space, but did not insert into the plasma membrane, we assessed the magnitude of the amiloride-sensitive whole cell current in the presence of low extracellular pH. D54-MG cells that had been incubated with external solution at pH 6.0 for 3-4 h were patch clamped using the perforated patch technique, and the current obtained was compared with cells incubated at pH 7.4. As shown in Fig. 9 , we found no statistically significant difference in the amiloride-sensitive whole cell current characteristics between the two groups. A 33%-37% decrease in current was observed after addition of amiloride in cells incubated in either pH 7.4 or 6.0. These data are consistent with low pH causing a redistribution of intracellular ASIC1 to the subplasmalemmal space without its insertion into the plasma membrane.
DISCUSSION
The major goal of this study was to further study interactions between ASIC1, ␣ENaC, and ␥ENaC at or near the plasma membrane of glioma cells. We have recently shown that ASIC1, ␣ENaC, and ␥ENaC likely form a hybrid channel in D54-MG glioma cells, as knocking down any of these three ENaC/Deg subunits significantly inhibited both the amiloridesensitive whole cell current and the migration of glioma cells. We also found using coimmunoprecipitation from purified plasma membranes that ASIC1 interacted with ␣ENaC and ␥ENaC in these cells (25) . To further study the potential association of these three subunits and determine their expression in GBM tissue, we obtained GBM biopsy tissue of patients undergoing surgery for the treatment of glioblastoma and nonmalignant brain biopsy tissue of patients who underwent surgery for the treatment of refractory epilepsy. Our data clearly indicated that all three subunits are expressed in GBM tissue but that subunit expression between different samples is variable. Using TIRFM in live, transfected rat astrocytes, we were able to colocalize ASIC1, ␣ENaC, and ␥ENaC close to the plasma membrane. These data are consistent with the formation of a mixed ASIC/ENaC heteromer. Furthermore, we showed that under conditions of low extracellular pH, both ASIC1 and ␣ENaC redistribute to a subplasma membrane location in glioma cells.
We used the hrCNE technique to successfully isolate a large protein complex in transfected glioma cells that was immunoreactive when either ASIC1 or ␣ENaC were tagged with GFP or YFP but not when eYFP alone was transfected. These data are consistent with both ASIC1 and ␣ENaC being part of this complex. Because we were unsuccessful in our attempts to generate a stable glioma cell line expressing ␥ENaC, we were unable to determine whether this subunit was also present in the complex. However, the complex migrated with an approximate M w of 480,000 Da, which is higher than one would predict for the association of three tagged subunits. This may therefore reflect that other yet to be identified cellular proteins also associate with the channel complex.
Because it has been shown that the core of a GBM tumor is necrotic and has an acidic pH (47, 50) , we studied the effect of an acidic environment on ASIC1 localization in D54-MG glioma cells. As our data show, there is an increase in both ASIC1-GFP and ␣ENaC-YFP fluorescence detectable by TIRFM when cells were exposed to an acidic extracellular solution. In contrast, fluorescence of a nonrelated channel ClC-1-YFP was not affected, suggesting that this redistribution is specific to the glioma cation channel complex. One of the limitations of TIRFM is that images are obtained both at the membrane and from a region extending to ϳ70 -90 nm below the cell surface. Identification of ion channels and membrane receptors in subcellular vesicles located in a region close to (i.e., within 100 nm) the cell surface has been reported for multiple proteins as a stop on the route to exocytotic insertion. This pool may be populated both from vesicles newly arrived from the Golgi or as a consequence of endocytotic internalization. Acute insertion of these vesicles in response to cellular triggers or environmental cues has been reported for transient receptor potential (TRP) channels (2, 30) , cystic fibrosis transmembrane conductance regulator (CFTR, 3), and ␣-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors (4), among others. It has been previously reported that withdrawal of serum increased de novo insertion of ASIC1 from a vesicular pool into CHO cells and neuronal membranes (13) . We did not observe this in either our TIRFM or biotinylation experiments, both of which were carried out in cells incubated in a simple Krebs-HEPES buffer in the absence of serum. Although our experiments examined cells over a long 4-h incubation period, Chai et al. (13) observed increased insertion following as little as 15 min of serum deprivation. Interestingly, however, the increase in cell surface expression of ASIC1 observed by Chai et al. was independent of extracellular pH (13) . We were unable to extend our experiments further than 4 h, as cell quality clearly began to deteriorate beyond this point. There is no obvious explanation for these disparate observations apart from the differences in cell types used. It is possible that differences in expression or response of proteins known to be important in ASIC1 trafficking such as the protein interacting with C kinase (PICK1) could account for the observed results (15, 22) . As both our biotinylation and patch-clamp data suggest that: 1) there is no increase in membrane channel expression, 2) there is no increase in total ASIC1 expression, and 3) there is no increase in whole cell current in response to a 4-h incubation at pH 6.0, it seems most likely that the channel is being redistributed in the cells to a subplasma membrane region as opposed to plasma membrane insertion or de novo synthesis.
One of the characteristic features of glioblastoma is the presence of pseudopalisading necrosis. This is a type of necrosis that is unique to high-grade gliomas and occurs in a serpentine pattern in areas of hypercellularity in which highly malignant tumor cells crowd or palisade along the edge of a necrotic region and is considered a poor prognostic indicator. It has been shown that the cells in pseudopalisades represent tumor cells actively migrating away from the central necrotic and hypoxic core of the GBM lesion toward the periphery where the tumor interfaces with normal tissue (6, 11, 36) . Thus at the tumor edge where the extracellular space is at pH 7.4, Fig. 9 . Effect of low pHo on glioma cell amiloride-sensitive current. A: bar plots showing perforated patch-clamp current at Ϫ80 mV in D54-MG ASIC1-GFP glioma cells after 4 h incubation at pH 7.4 and pH 6.0 showing basal current. Significant inhibition in the current is seen in both the groups after application of 100 M amiloride. B: percent inhibition of the current after application of 100 M amiloride to the bath solution. C: current-voltage plots for experiments in A. Data were tested by Student's t-test. Error bars Ϯ SE and *P Ͻ 0.05. n ϭ 8 for pH 7.4 group, and n ϭ 7 for pH 6.0 group. conditions favor migration/invasion of glioma cells into healthy tissue. Redistribution of ASIC1 and ␣ENaC to a subplasmalemmal space, which occurs at pH 6.0, may represent a step in priming the membrane for insertion of channel subunits required for increased migration. Similar tissue acidification in the experimental autoimmune encephalomyelitis mouse model of multiple sclerosis is associated with an increase in the expression and function of ASIC1 (18), suggesting that ASICs are sensitive to environmental conditions. Our observation that low extracellular pH caused a decrease in expression may reflect a difference in processing of the glioma channel complex compared with homomeric ASIC1 channels. However, further experiments will be required to determine whether various environmental cues and/or the presence of a chemotactic gradient are required for trafficking of ASIC1/ ENaC channels between plasma membrane and their subplasma membrane pools under conditions of variable extracellular pH.
